Methods are presented that were used for assessing exposures in a cohort mortality study of 15 000 employees who held 150 000 jobs at an Air Force base from 1939 to 1982. Standardisation of the word order and spelling of the job titles identified 43 000 unique job title organisation combinations. Walkthrough surveys were conducted, long term employees were interviewed, and available industrial hygiene data were collected to evaluate historic exposures. Because of difficulties linking air monitoring data and use ofspecific chemicals to the departments identified in the work histories, position descriptions were used to identify the tasks in each job. From knowledge of the tasks and the chemicals used in those tasks the presence or absence of 23 chemicals or groups of chemicals were designated for each job organisation combination. Also, estimates of levels of exposure were made for trichloroethylene and for mixed solvents, a category comprising several solvents including
Developing meaningful exposure categories is one of the most difficult problems in conducting studies on occupational epidemiology. It is a necessary step, however, in establishing an exposure response relation, an important criterion for assessing causality. Usually three steps are necessary in assessing exposure for occupational studies: creation of a job dictionary, evaluation of historical exposures, and development and application of a method of assessment of exposure. The first two are fairly straightforward and are generally performed similarly by most investigators. The third step, however, depends upon the quality of the available work histories and exposure information, and the time and cost constraints of the study. Previous studies''2 have reported several approaches including ever never evaluations based on the type of plant or department, semiquantitative estimates (high, medium, low) by department or by job, or quantitative estimates by job using air monitoring results. This paper describes the methods used to assess historical exposures for a retrospective cohort study, evaluating the mortality experience of 15 000 workers at an aircraft maintenance facility.'3 Air monitoring results were available back to the 1960s, but they often could not be linked to specific jobs because of the lack of information on department in the work histories. Other sources of information had to be relied upon to allow assignment of exposures to individual job, department, and year combinations. As a result, the records were sufficient for quantification of only two types of exposures, trichloroethylene and mixed solvents, and for identification of only the presence or absence of other chemicals.
The paper also briefly describes some of the operations being performed at this facility and the associated exposures. Since the inception of the facility in 1939 workers have performed a variety of tasks that involved several potentially hazardous chemical exposures, including paint stripping, spray painting, soldering, and cleaning of mechanical and electronic parts with solvents. The exposure of primary interest in this investigation was to organic solvents, particularly trichloroethylene (TCE). The job dictionary was created by abstracting from each employee's official personnel folder (OPF) information on job titles, the names of the organisations at the different levels and dates. Extensive and comprehensive information on job titles and corresponding dates was available; however, information on organisation title varied by OPF, job, and calendar year and was usually incomplete. Moreover, shop was not identified. Table 1 shows an example of a typical work history.
As is the usual practice with personnel records, when an organisation changed names, no modification was made to the work history records of individual workers although a worker who entered 'the organisation after the change of name would have a personnel record that would reflect the change. Consequently, with the many changes in organisation names and often the lack of information on unit, it was difficult to identify the unit in which a job was assigned at any given moment in time.
To develop a record of the changes in the organisa- Monitoring was generally conducted either as a result of complaints or as part of annual industrial hygiene surveys. In recent years more full shift samples were taken and documentation was more complete. Reports on walkthrough surveys and chemical inventories were also available. These reports usually provided general information on the number of persons in the shop, reports of illnesses, and job titles.
Worker compensation files were also used in the evaluation ofexposures. Thesefiles identified job title, organisation, job duties, historical working conditions, and in some cases, the exposure histories of employees who filed for worker compensation. About 100 of these files existed dating back to the 1950s. Since the mid-1960s technical orders were available that identified procedures to be followed during the repair of specific parts. Often these specified the chemicals to be used.
Each employee in the federal government has a written description of job duties and tasks to be performed in that job. These are maintained in the person's OPF throughout his government career. A complete file of historical position descriptions had not been maintained, but roughly 8000 of these were collected during the study. The PDs identified the job, organisation, date, tasks, and sometimes specific chemicals.
As well as reviewing the available air force records, two experienced industrial hygienists (JSL, DEM) conducted walkthrough surveys of the shops and interviewed long term employees about changes in the operations, chemicals used, number of employees, job titles and tasks, and control measures.
DESCRIPTION OF THE OPERATIONS AND EXPOSURES
In the early years of the base (1939) (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) In the engine shop or the propeller shop, workers used degreasers a few times a week, whereas in the electroplating shop, the wheels, brakes, and strut shops, and the hydraulics shop, degreasers were used four to five times a day. In the mid-1960s, an industrial hygiene evaluation of all vapour degreasers was conducted and efforts were made to reduce these exposure concentrations.'7 By the end of the 1960s exposure to trichloroethylene had been reduced significantly.'7 Industrial hygiene sampling data during this period show that workers using the vapour degreasers were exposed to TCE concentrations averaging around 200 ppm during the 15 minutes they normally took to clean parts. In 1979 TCE was replaced by 1,1,1-trichloroethane as the primary solvent used in vapour degreasers throughout the base.
Also during the 1960s in the bench work operations, other chemicals including toluene, xylene, acetone, and methyl ethyl ketone were employed more often. Initially, these solvents were kept on the work bench in glass bottles, but later they were contained in glass bottles with a pump and a reservoir on the top for the solvent. In the early 1970s, squeeze bottles were adopted. Although any of these solvents could be found at a given work station, the specific solvent found at any time and the amount used varied considerably. Generally, however, the alcohols and non-chlorinated solvents were used four or five times a day in the electronics area and the chlorinated solvents about 15 times a day in the instrument shops.
In 1968 the base made a change by replacing TCE used as a cold state solvent with 1,1,1-trichloroethane. This switch was made base wide, with the exception of the fabric and parachute shop, where both perchloroethylene and trichloroethylene continued to be used interchangeably to spot clean fabric. Many other operations on the base resulted in exposures other than those already mentioned, but because they concerned fewer workers they have not been described.
EXPOSURE ASSESSMENT
The original intent of the study was to estimate historical levels of exposure to the chemicals found on the base for each job unit, and year combination. This approach, however, proved not to be feasible because (1) the monitoring results were collected by shop; (2) few monitoring results were available for any particular shop despite numerous air monitoring results dating back to the 1960s; (3) the specific unit which corresponded to shop was often not known; and (4) the work history records did not usually identify the unit. Because of these limitations it was not possible to estimate levels of exposure and it was often not possible to identify specific solvents used.
Because the work history records were insufficient to identify jobs to organisations with exposures, position descriptions (PDs) became the primary source of data on which exposure assessments were based. Thus potential exposures for some jobs were identified in the PD; for others they were deduced from the task. For example, by knowing that the airframe disassembler washers stripped paint off planes, exposure to methylene chloride was identified. Formany jobs, however, specific exposures could not be identified, because the same job title occurred in different shops where different chemicals wereused. A further complication was that solvents used for Estimating levels ofexposure proved more difficult than identifying the specific chemicals used, primarily because it was not possible to link shop designated in the monitoring data to the unit designated in the work history records and because few monitoring data existed for each shop. For two exposures, TCE and mixed solvents, however, a more detailed approach was possible. As described above, both exposures resulted from the bench work operations of cleaning and repairing small parts. Relying primarily on the PDs, but also using the technical orders and the histories of the shop ( (table 4) ; and 480 is the number of minutes in an eight hour workday. To determine cumulative exposure for purposes of the mortality analysis the number of years spent at each job was multiplied by the index I. These products were added together to get cumulative exposure to TCE or mixed solvents for each person. Table 5 presents the number of people ever exposed to each chemical category. The categories are not mutually exclusive. Over two thirds of the cohort had potential exposure to solvents and about half had potential exposure to TCE. Stoddard solvent was the second most common single exposure and "other chemicals"-for example, acids-was the most commonly identified non-solvent category.
Results
Among the 10 256 workers exposed to mixed solvents, 8753 had intermittent exposure to mixed solvents and 6356 had continuous exposure. For those with only low level exposures to TCE, 4605 were in the intermittent category and 3292 were in the continuous category. For those with peak exposures to TCE, 1267 had infrequent exposures and 3322 had frequent exposures. Finally, 2358 had both low level and peak TCE exposure.
Discussion
Estimating historical exposure levels is difficult because often industrial hygiene measurements are missing or incomplete. As a result, various approaches to making exposure assessments have been published. Exposure groups have been created by using manufacturing process,' or work area.2 Gamble and Spirtas3 suggested grouping occupational titles by machine, or process, or both and by the product being manufactured. These approaches were not taken because a more detailed assessment was desired than these methods allowed. Corn and Esmen4 further refined exposure classification by suggesting the use of exposure zones based on identification and similarity of tasks, exposure to a particular hazardous substance, and other aspects of the environment (other substances, ventilation, etc). In our study, however, exposure zones could not always be identified because ofthe inability to identify where jobs were located. Where many environmental measurements have existed (hundreds to thousands), investigators have estimated exposure levels,579' 12 but in our study the number of monitoring results was insufficient for this approach and it was not possible to link the results to many of the jobs in the study. Rice et al" who also had comparatively fewer data from each plant, calculated a mean exposure level for each job title across all the plants making the assumption that, although exposure levels varied for a specific job across plants, the variation would be less than that across jobs. We took a similar approach by assuming similar jobs across departments had the same potential exposures.
The approach used in this study is unusual among published reports quantifying exposure levels because the quality of information was barely adequate to estimate exposures. The initial goal was to make quantitative estimates as precise as possible with the available data. It was not possible to estimate actual exposure levels, because the air monitoring results could not be linked to specific jobs. Monitoring data were specific to shop, whereas the job titles could not be identified with shops. Consequently, to develop exposure estimates we had to rely on other sources of data, including worker compensation files, histories and telephone books of the facility, organisation charts, technical orders, and position descriptions. Several attempts were made using these sources to develop semiquantitative (low, medium, high) exposure estimates for all jobs for all chemicals, but none was successful because of the inability to link job to shop. It was also difficult to identify specific solvents used in particular jobs. Many solvents were purchased and used at any one time for various purposes. Also, shops changed solvents routinely and records of such changes were not kept. Because of this lack of specificity for most of the solvents and the inability to locate jobs in particular shops, an effort to estimate levels of exposure for most chemcials was not considered appropriate.
Trichloroethylene, however, was the chemical of interest at the outset of the study and for this reason a more detailed evaluation was necessary. Because low level exposures to mixed solvents so often occurred concomitantly with low level exposures to TCE, both types of exposures were the focus of the detailed evaluation of exposures. As a result, continuous and intermittent uses of mixed solvents and TCE, and frequent and infrequent peaks for TCE were identified.
As mentioned above, mixed solvents included a number of different solvents and inherently this means that the subjects identified as having exposure to mixed solvents differed as to which particular solvents they were exposed. Considering this category as a single substance in a mortality analysis, therefore, is somewhat misleading because it is unlikely that the solvents in this category all have the same effect on health. (table 4) , which were assigned to reflect relative differences in exposure levels to TCE over time (indices of 0, 200, 400, and 600). Although these weights were based on the monitoring data and the frequency exposures were likely to have occurred, and are considered to be an improvement over arbitrary scales such as 1, 2, and 3, they should not be interpreted as designating actual exposure levels.
This assessment of TCE provides the opportunity to evaluate potential effects of continuous and peak exposures. Either or both could be important in cancer mortality; for example, if cumulative exposures are critical, adverse health effects could result from relatively continuous exposure at low levels. Conversely, if adverse health effects occur only after exposure to a particular level, workers who have had peak exposures may be at increased risk.
As in most occupational studies,' 2 -7 10-12 18 19 exposures were assessed on the basis of job title, not person. This approach assumes that persons in a given job have equivalent exposure levels. In reality, workers holding the same job may have different exposure levels because of differences in individual work practices and microenvironments.20 None the less, the practise of using job title as the basis of exposure in epidemiological studies is adopted for two practical reasons. Monitoring data often do not identify the person being sampled and, when such information is available, the data are not numerous enough to allow the development of exposure estimates for each worker. The monitoring data in this study reflected these limitations. Also, estimating exposure levels for every person in each job would require information on work practices for each person in the study. Such information is rarely, if at all, available in industrial hygiene records and therefore could only be obtained from interviews with each subject. In this study, for example, it would have meant estimating exposures for 150 000 jobs, over three times the number for which estimates were made. In any case, although use of job titles as the basis for assessing exposures may result in some misclassification, such an approach is likely to be more accurate than that based solely on plant or department.
In spite of severe limitations of the available data, information was uncovered in the position descriptions and other historical documents collected that allowed an evaluation of tasks associated with various jobs; this could then be used to assess exposures. The study emphasises the need for investigators performing exposure assessments to approach each situation with an open mind. When the more traditionally used records (for example, monitoring data or typical personnel records) are non-existent or are not in a usable form, other records may exist that, when used creatively, can be used to perform relatively precise exposure assessments. The study also stresses the need to evaluate job histories before the start of the study to ensure that exposures can be specifically identified from the jobs, or departments, or both. 
